Autism, a pervasive developmental disorder with profound deficits in social relatedness, impairments in language and communication, and symptoms involving repetitive behaviors and restricted interests, is thought to be gene-dependent.
Autism, a pervasive developmental disorder with profound deficits in social relatedness, impairments in language and communication, and symptoms involving repetitive behaviors and restricted interests, is thought to be gene-dependent. [1] [2] [3] The well-replicated, but as yet unexplained, platelet hyperserotonemia of autism 4, 5 has focused attention on the possible role of the neurotransmitter serotonin (5-hydroxytryptamine, 5-HT). Reports of other 5-HT-related abnormalities in autism 6, 7 and the utility of serotonergic agents in partially ameliorating symptoms in some individuals with autism 8 have also served to increase interest in the possible involvement of 5-HT in the etiology and pathophysiology of autism. The important roles of 5-HT in neurodevelopment 9, 10 and the rich serotonergic innervation of limbic areas critically involved in social and affiliative behaviors 11 have provided additional, more theoretical, bases for the 5-HT hypothesis.
A wide range of 5-HT-related genes can be considered as possible candidate genes in autism. However, the 5-HT transporter gene (HTT, locus SLC6A4), encoding both the neuronal and platelet transporter, 12 is of particular interest for several reasons. Reports of a positive correlation between rates of platelet 5-HT transport and platelet levels of 5-HT 13, 14 suggest that the transporter may play a part in the platelet hyperserotonemia of autism. The beneficial effects of agents that block neuronal serotonin transport 8 also focus attention on the possible role of the transporter in the pathophysiology of autism. Additionally, the reported association of a HTT promoter polymorphism with anxiety in the general population, 15 coupled with reports of higher stress responsivity in autism and an increased incidence of anxiety disorder in the families of individuals with autism, 16, 17 has further stimulated interest in the HTT in autism. Most intriguing have been discrepant studies reporting preferential transmission of different alleles of the biallelic promoter region polymorphism in individuals with autism. 18, 19 The promoter variant consists of a 44 base-pair deletion/insertion in a repeat region of the promoter. The deletion or short (s) allele occurs with a frequency of approximately 43%, while the long (l) form has an allele frequency of 57% in samples of predominately northern European ancestry. 15, 20 It is noteworthy that the polymorphism is of apparent functional significance; native lymphoblastoid cell lines with sl or ss genotypes were reported to have approximately onehalf the rates of 5-HT transport, transporter expression, and HTT mRNA levels as those with the ll genotype. 15 After genotyping the HTT promoter alleles in a group of 69 French families with autistic children, the transmission of the alleles was examined to determine their influence on risk or susceptibility to autism. A possible modifying role of the HTT on the behavioral phenotypic expression of autism was also studied. This possibility was examined by comparing allelic transmission across severity subgroups formed on the basis of severity of impairment within the major behavioral domains of autism, and by comparing domain severity scores across genotypes.
The genotype and allele frequencies observed in the autistic patients, their parents and siblings are given in Table 1 . The l allele frequency of 56.5% observed in the parents was consistent with frequencies previously reported for groups of predominant Western European ancestry. 15, 19, 20 Genotype distributions in the patient, parental, and sibling groups did not deviate significantly from Hardy-Weinberg equilibrium.
Preferential transmission of the l allele was observed in the autistic patients with a transmission rate of 40/64 (62.5%), while the s allele was transmitted at a rate of 24/64 (37.5%); TDT 2 (1) = 4.00, P = 0.046. A nonsignificant increased transmission of the l allele (25/44, 56.8%) was seen in siblings from the same families. As recommended by Spielman and Ewens, 21 a TDT directly comparing transmission rates in probands and siblings was performed to account for typing bias and preferential transmission arising from non-disorder-specific meiotic effects. This more rigorous test of disease linkage did not reveal a significant difference between patients and siblings (TDT 2 (1) = 0.35, P = 0.55).
The s allele was transmitted at significantly higher rates in the severely autistic subgroup in comparison with the mildly/moderately autistic subgroup for the total Social Interaction, the total verbal/nonverbal Communication, and the Combined Social and Communication impairments (Table 2) . Conversely, the l allele was transmitted at lower rates in the more severe subgroup in comparison with the mild/moderate subgroup. Similar results were obtained for the nonverbal communication domain (TDT 2 (1) = 3.92, P = 0.048). The strength of the significant association between the transmitted allelic forms and the total behavioral scores determined by the Cramers' statistic ⌽ 2 ranged from 0.08 to 0.18, values which are considered by Cohen 22 to be of medium effect size. The difference in (1) = 1.41, P = 0.235).
Considering now the frequencies of l and s alleles in the whole population of autistic individuals, a significantly higher s allele frequency was seen for the Combined Social and Communication impairments in the severely affected subgroup (n = 34; s alleles = 32, l alleles = 36) in comparison with the mildly/moderately autistic subgroup (n = 30, s alleles = 18, l alleles = 42; 2 (1) = 3.90, P = 0.048). The C2V variable was the only subscore giving significant results with respect to allele frequency (severe, n = 38, s alleles = 36, l alleles = 40; mild/moderate, n = 26, s alleles = 14, l alleles = 38; 2 (1) = 5.42, P = 0.020).
Comparison of the autistic behavioral ratings observed in groups of patients with different HTT promoter genotypes showed that individuals bearing the S (ss and ls) genotype had significantly more severe impairments than L (ll) genotype individuals for the Combined Social and Communication domain and for the C2V subscore (Wilcoxon Rank Sum test, Z = 1.95, P = 0.050 and Z = 2.12, P = 0.033, respectively). The s allele was also associated with the more severe impairments in the social and communication domains when comparisons were performed across all three genotypes: rank ordered Kruskal-Wallis test average scores for Combined Social and Communication impairments were 2.25, 2.6, 2.80 in the ll (n = 24), ls (n = 30), ss (n = 10) genotypes, respectively ( 2 (2) = 5.15, P = 0.076); K-W test average scores for C2V were 2.15, 2.6, 2.88 in the ll (n = 24), ls (n = 30), ss (n = 10) genotypes, respectively ( 2 (2) = 7.23, P = 0.030). Although the l allele of the biallelic HTT promoter polymorphism was transmitted at above chance rate in individuals with autism, the allele preference was slight and the level of significance was low (P = 0.046); the low a priori probability of linkage requires high levels of statistical significance to avoid false positive findings. 23 In addition, l allele transmission was not significantly elevated when compared with the rate observed in unaffected siblings. The use of a sibling control group is recommended for rigorously establishing preferential transmission, as the approach accounts for any general bias of transmission. In the absence of a significant difference in transmission between probands and unaffected siblings, one can not conclude that there is a linkage with risk.
Previously reported studies of HTT promoter allele transmission in autism have found preferential s allele transmission in an American group, 18 increased l allele transmission in a German sample, 19 and similar s and l allele transmission in a combined European/American group. 24 There are several possible explanations for the discrepant results. They could be due to differences in behavioral characteristics of the European and American patients, and the allelic effects on behavior may differ substantially across populations with different genetic backgrounds; the potential importance of behavioral differences across groups is underlined by the behavioral associations described in the Results section. However, the American and European samples were all diagnosed using identical instruments, and it actually appears that the German and American cohorts are more similar with respect to average IQ than the German and French (present) groups. Alternatively, the observed associations could be a reflection of linkage to another etiologically significant site within the HTT gene or another gene within the HTT region. However, it can be argued here that other functional polymorphisms have not been found in the HTT gene.
Thus, although, it is difficult to definitively rule out any of these possibilities, it does appear that the most parsimonious explanation for all the data reported to date is that the 5-HTTLPR is not associated with risk to autism. It should be noted that unaffected-sibling control groups were not used in the prior studies; as mentioned, this raises the possibility that a general bias of transmission may have influenced the previous results. The absence of replicated disorder-specific preferential transmission is consistent with the results of the Autism Consortium sib-pair study, where no increased sharing in the vicinity of the HTT locus on 17q12 was observed, 25 and with the results of a recent case-controlled study. 26 In contrast, the data regarding possible behavioral associations (allelic transmission and allelic frequencies in the severity subgroups, as well as comparison of autism severity performed across genotypes) consistently point to the s allele being associated with the more severe impairments in the communication and social interaction domains. Conversely, the l allele may be exerting a protective effect, mitigating deleterious effects of other risk-associated or modifying genes. Given the size of the groups and subgroups examined, these findings must be considered still preliminary. However, if replicated, our findings would indicate that the HTT promoter polymorphism by itself does not convey risk for autism, but instead influences the behavioral phenotypic expression of autism. Interestingly, there are a number of recent observations of monoamine-related genes having modifying effects on the behavioral phenotypic expression of neuropsychiatric disorders in the absence of apparent associations with risk. Of special relevance are reports that 5-HTTLPR alleles influence the severity of alcohol withdrawal, 27 the severity of hallucinations and thought disorder in schizophrenia; 28 and the degree of season-ality in seasonal affective disorder. 29 The observation that infants homozygous for the s allele have lower orientation and alertness scores 30 may also be particularly relevant to our finding in autism.
It is suggested that future research on the genetics of autism should carefully assess each of the major behavioral domains and should seriously consider the possible role of modifying loci. Finally, our data underline the importance of using a methodology in which genetic transmission is studied in concert with a detailed examination of behavioral phenotype.
Materials and methods

Patients and behavioral assessments
Children with autism (n = 71, 46 males and 25 females, average age in years ± SD: 11.6 ± 4.5 with a range of 4.6-19.5), all Caucasian, were recruited from French child psychiatry day hospitals. All subjects were physically healthy and had no history of encephalopathy or neuro-endocrinological disease. Parents, all functioning members of society, and siblings of the autistic probands also participated. All 'unaffected siblings' were attending regular schools, none met diagnostic criteria for autism or other pervasive developmental disorders. The protocol was approved by the ethics committee of Bicêtre Hospital. Written informed consent was obtained from parents and from children able to understand the study and consent procedure. Cognitive functioning of autistic probands was assessed by two psychologists using the age-appropriate Wechsler intelligence scales (WPPSI-R; WISC-R; WAIS-R) and the Kaufman K-ABC. 31 All autistic probands were cognitively impaired (mean full scale IQ ± SD: 42.2 ± 3.2, with a range of 40-58; mean verbal IQ ± SD: 45.5 ± 2.2, with a range of 45-57; mean performance IQ ± SD: 45.6 ± 4.1, with a range of 45-80). Behavioral assessments were performed using the Autism Diagnostic Interview-Revised 32 for 64 individuals with autism. The ADI-R, an extensive, semi-structured parental interview, was conducted by two trained psychiatrists. The ADI-R scale assessed the three major domains of autistic impairments: reciprocal social interactions, verbal and non-verbal communication, stereotyped behaviors and restricted interests. Based on direct clinical observation of the child by two independent child psychiatrists, a diagnosis of autism was made according to the criteria of DSM-IV, 33 ICD-10 and CFTMEA 34 and was confirmed by the ADI-R ratings. The severity of impairments in the major domains of autism were scored using the subset of ADI-R items included in the ADI-R algorithm. Taking into account that the ADI-R items are scored on an ordinal scale (from 1 to 3 according to autism severity; the '0' coding means that the autistic behavior was not present), we took the median value of all items belonging to the same domain of autistic impairment according to the ADI-R algorithm. This gave a score of central tendency for each of the three domains: Total Social Interaction (15 items), Total Verbal/nonverbal Communication (13 items; for non verbal patients the median score was Molecular Psychiatry based on 9 items), and Total Stereotypies (8 items). A median score for a Combined Social/Communication domain (on 28 items) was also obtained; a similar combined social and communication domain score is formed as part of the algorithm used with the PL-ADOS observational scale of Dilavore, Lord and Rutter. 35 The median domain score of autistic impairments for each individual was then used to dichotomize subjects according to autism severity in each of the domains: individuals were grouped into mild-moderate (median 1-2) and severe (median 3) impairment. Interjudge reliability with respect to the critical distinction between mild/moderate and severe impairment was excellent, with an interjudge agreement of 95% observed between two expert raters (given the large number of severely autistic patients in our sample, it was possible to clearly distinguish the severely autistic subgroup).
Genotyping procedures DNA of autistic probands was extracted from EDTAanticoagulated whole blood; DNA of siblings and parents was obtained from buccal cavity epithelial cells. 36 The HTT promoter polymorphic region was amplified using the primers 5ЈATGCCAGCACCTAACCCC TAATGT3Ј (position: −1400 to −1377) and 5ЈGGA CCGCAAGGTGGGCGGGA3Ј (position: −1001 to −982) as specified by Gelernter and colleagues. 20 These primers gave after PCR amplification two products, a short variant (s) of 375 bp and a long variant (l) of 419 bp. Amplification conditions were modified from those of Gelernter and colleagues. PCR was performed in a final volume of 15 l containing 37.5 ng genomic DNA, 0.75 units of Klen Taq polymerase from AbPeptides (St Louis, MO, USA) with the manufacturer's PC2 buffer (containing 50 mM Tris-HCl pH 9.1, 16 mM ammonium sulfate, 3.5 mM MgCl 2 , and 150 g ml BSA), 0.5 M of each primer, base concentration 0.28 mM and 5 l cresol red. Samples were amplified with initial denaturation at 95°C for 4 min, followed by 40 cycles at 96/58/72°C for 30, 40, and 60 s, respectively. The PCR was ended by a final extension at 72°C for 8 min. PCR products were separated on 2% agarose electrophoresis gel and visualized with ethidium bromide.
Of the 69 families recruited, 62 complete trios (mother, father, affected offspring) were genotyped, with 46 of the trios being informative (ie, with at least one heterozygous parent). These 46 autistic probands (29 males and 17 females, average age in years ± SD: 11.4 ± 5.2 with a range of 5-19.2) were all cognitively impaired (mean full scale IQ ± SD : 40.2 ± 1.2, with a range of 40-48; mean verbal IQ ± SD: 45.6 ± 2.3, with a range of 45-57; mean performance IQ ± SD: 45.1 ± 0.5, with a range of 45-48) and 25 probands were nonverbal according to the ADI-R criteria. Two of the informative trios consisted of parents and an affected sibling. In the informative families, 32 unaffected siblings (20 single sibs and six pairs of sibs) were also genotyped.
Statistical analysis
The transmission test for linkage disequilibrium (transmission/disequilibrium test (TDT) approach was used to compare parent-offspring transmission rates of the two alleles using the informative heterozygote parents and applying the 2 test. 21 To investigate possible behavioral modifying effects, allelic transmission in the ADI-R-derived autism severity subgroups was analyzed using the TDT. A similar methodology was employed by Spielman and colleagues 37 (and personal communication, 1998) when examining transmission in subgroups. The extension of the TDT to examining the relationship between continuous or categorical variables, including severity, has been discussed in detail by Waldman and colleagues. [38] [39] [40] Although most previous studies of genetic influences on severity have used a case-control (allele frequency) approach, the power, suitability and utility of the 'extended-TDT' for examining transmission in subgroups is clear. The allelic frequencies in the severity subgroups were compared using 2 tests. In order to balance Type I and Type II errors in the statistical analysis of behavioral domains, a hierarchical strategy was used. 41 First, the total behavioral domains were examined. If there was a significant result for an overall domain, then a further level of analysis occurred on the subscores included in the domain. The strength of the significant associations between the transmitted allelic forms and the behavioral scores was determined by the Cramers' statistic ⌽ 2 . In a parallel approach to the issue of clinical associations, autistic behavioral ratings observed in groups of patients with different HTT promoter genotypes were compared. Comparisons were performed across all three genotypes using the Kruskal-Wallis test and after combining the ls and ss genotypes (S genotype, ss and ls, genotype, ll) using the Wilcoxon Rank Sum test. The s allele genotypes were collapsed given the suggested dominant s allele effects on serotonin transport 15 and to preserve power in examining s allele effects.
